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Beaty, Nicholaus R. (B.A., Physics)
Pulsing Characteristic Effects on the Charging of Iron Dust Sources
Thesis directed by Prof. Miha´ly Hora´nyi
The Colorado Center for Lunar Dust and Atmospheric Studies’ (CCLDAS) electrostatic dust
accelerator at the University of Colorado is used to simulate hypervelocity dust impacts similar to
those seen in space and on airless bodies in the solar system. The charging of dust is done via
pulsing a reservoir while maintaining a needle in the center of the reservoir at a constant voltage.
Once the dust is charged it is accelerated out of the source and through an electric potential of
up to 3 MV. The dust charging efficiency seen at both the CU accelerator and the sister facility
in Heidelberg, Germany is well below the expected maximum charging limit. The work presented
in this paper will focus on how the characteristics of the pulse relate to the charging of the dust
particles and how to improve the charging efficiency.
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Chapter 1
Introduction
1.1 What is dust?
The interplanetary vacuum is not pure empty space, but is instead filled with particles of
various sizes ranging from tiny dust particles up to large asteroids. The dust is referred to as cosmic
dust which is composed of particles anywhere between a few molecules on the scale of nanometers
and several microns in size. If the dust particles are moving at high velocities, greater than 2 km/s
relative to the spacecraft then instruments and surfaces can be damaged by the impact with the
dust particles. The danger of these particles was first investigated during the Apollo era which led
to the construction of several dust accelerators in the United States and Germany [1].
The motivation for creating dust accelerators during the Apollo era was to test the effects
of dust on materials being used to build spacecraft. Impacts from cosmic dust can wreak havoc
on instruments, protective materials, and sensitive surfaces, such as solar cells, of a spacecraft.
This made it important to understand if the materials used to build spacecraft would be able to
survive extended periods of time exposed to dust impacts. Electrostatic accelerators were proposed
in the 1960s since the velocity of particles in an electrostatic accelerator is only limited by the
accelerating potential applied [2]. They also have the advantage of charging the particles which
allows the particles to be detected indirectly before impact with another surface.
With the creation of dust accelerators it became easier to investigate other areas dust was
thought to play a role. Cosmic dust can come from a variety of sources including being left over
from the formation of the solar system or launched off the surface of airless bodies by an impact.
2Using dust detectors, it is possible to trace the dust back to its origin, similar to using photons
in astronomy, and learn about the processes that created the dust [3]. One of the problems faced
by dust astronomy is creating instruments which can accurately detect dust along with the charge,
velocity, and direction of the particle. The velocity range of the particles is a significant challenge
as the velocity ranges anywhere from a few meters per second up to 100s of kilometers per second
[4].
Dust is also involved in some phenomenon observed around the Earth and Moon such as the
zodiacal light and possibly the horizon glow on the Moon. The zodiacal light is caused by dust
bands tilted out of the ecliptic that cause a diffuse sky brightness in the infrared spectrum. It
was originally thought that the clouds would be uniform enough to be modeled and removed from
sky brightness, but when space based observations were made it turned out that the bands had
asymmetry that can not be easily modeled [5]. The instruments used for detection of dust particles
in space first need to be tested before flight which requires a dust accelerator capable of producing
the dust at the velocities the instrument is expected to encounter.
The lunar horizon glow was seen by the Surveyor missions and the Apollo 17 orbiter just
after the Sun had gone below the lunar horizon. The lunar horizon glow as seen in Figure 1.1
is theorized to be caused by dust particles lofted less than a meter above the surface [6] by dust
impacts and then levitated by charge repulsion [7]. The lofted dust then scatters the light much
like the atmosphere on the Earth, thereby providing a slight glow on the horizon after the Sun has
set.
Figure 1.1: The faint glow above the lunar horizon is thought to be caused by levitated dust particles scattering the light
from the sun. This implies there is some interaction between the dust particles that allows them to be held less than a meter
above the lunar surface for extended periods of time.
3Research is still being conducted on the cause of the horizon glow and the effect of microm-
eteoroids impacting the surface of the Moon. The bombardment of the Moon by the solar wind is
theorized to charge the Moon such that the lunar regolith begins to levitate and move around the
surface of the Moon near the terminator regions due to the Coulomb repulsion force [6].
1.2 Dust Accelerators
A dust accelerator facility was recently built by the Colorado Center for Lunar Dust and
Atmospheric Studies (CCLDAS) at the University of Colorado at Boulder. The facility has two
electrostatic dust accelerators, the big 3 MV and the small 20 kV dust accelerators. The accelerators
are both based off of the dust facility at the Max Planck Institute fu¨r Kernphysiks (Nuclear Physics)
in Heidelberg, Germany. As seen in Figure 1.2 the dust starts off inside the source which charges
the particles and ejects them through the potential from inside the source to the beamline.
Figure 1.2: The small accelerator showing the dust source where all the dust becomes charged before being shot down the
1.75 meter beamline. The dust exits the dust source and is accelerated through the potential from inside the source to the
beamline. The dust then goes through two detectors where the charge and velocity of the particle is measured.
4As the dust travels down the 1.75 meter beamline it goes through two detectors that determine
the charge and velocity of the particles. The only difference between the big and small accelerators
in terms of particle charging and acceleration is that the big accelerator has a 3 MV acceleration
potential following the source.
1.2.1 Dust Source
The dust source used for the CCLDAS accelerators is a direct copy of the German dust source
design. An ion source from nuclear physics was the original inspiration of the dust source [8] and
was not changed from the 1960s version until 2002 [9]. A cross section of the source is shown in
Figure 1.3.
Figure 1.3: Diagram of the reservoir and source electronics. The needle and reservoir are both held at the same voltage until
a pulse is delivered to the vacuum tube. The reservoir will then be pulsed down to a lower voltage determined by the voltage
of the pulse used.
The reservoir and needle are both charged to the same voltage, between 12 and 20 kV. Then
5a vacuum tube is used to pulse the reservoir between the high voltage and a lower voltage. The
vacuum tube is controlled by a pulse generator which determines the amount of current allowed
to flow from the high voltage source to ground based on the height of the pulse. The higher the
pulse the more current will be allowed to flow to ground causing the reservoir to drop to a lower
voltage. This potential difference creates an electric field between the reservoir and needle. The
exact processes that occur in the source and how the final charge on the particle is obtained is not
well understood. The primary theory is that the electric field imparts a slight negative charge to
the particles which causes the particles to begin repulsing each other via the coulomb force. At the
same time the particles become attracted to the needle since the needle is positively charged. The
particles then begin to swirl around the needle [9] with some of them approaching the needle close
enough to gain their final charge and be expelled from the source. There are two main theories as
to how the particles gain their final charge, field emission charging and contact charging [10].
Contact charging is when the dust particle actually comes into contact with the needle and
exchange charge through contact. The particle is then repulsed by the needle. Field emission
charging on the other hand is where the electric field of the needle is strong enough to rip electrons
off the particle. As it comes closer to the needle its charge increases and once it becomes positive
the particle begins to feel a repulsive force from the needle. Which of these methods is dominant
in the accelerators is a point of interest and will be investigated in this work.
1.3 Physics
The velocity of a particle from an electrostatic accelerator is determined by the particles
mass, charge, and the strength of the electric potential it is accelerated through. The velocity of
the particle is derived from the equation
1
2
mv2 = QUp (1.1)
where Up is the accelerating potential, v is the velocity, Q is the charge, and m is the mass of the
6particle. The particle is assumed to be a sphere, so the mass of the particle is given by the volume
of a sphere multiplied by the density of the material of the particle. Thus we see that the mass of
the particle is given by
m =
4
3
piρr3 (1.2)
where ρ is the density of the particle and r is the radius. Since a particle must charge through its
surface
Q ∝ 4pir2 (1.3)
Therefore using Equation 1.1 we see that
v ∝
√
Q
m
∝
√
1
r
(1.4)
The smaller a particle is, the less it will charge, but it will also have higher velocity than a heavier
particle with more charge. The maximum charge on a particle is determined by the ion field
emission limit. As the field on the surface of the particle above this limit increases electrons are
ripped off. This limit is given by
E =
v2
2Up0
3
√
m2ρ2
36pi
(1.5)
where E is the ion field emission limit and ρ is the density of the particle. This is the upper limit
of which the accelerators are designed to shoot particles [10]. There is also a lower limit set by the
minimum detection threshold of the beamline detectors. The equation for this minimum is given
by
min =
2UpVmin
Sv2
(1.6)
where Vmin is the minimum voltage that can be detected and S is the sensitivity of the detectors in
V/C. The minimum voltage is found by measuring the amount of noise that is seen on the detector
7when the accelerator is off. Each detector has a unique sensitivity, so only the sensitivity of the
first detector is used to determine the charge and minimum detection limit.
1.4 Dust
In principle any conducting material, can be used for the dust inside the reservoir and it is
also possible to coat nonconducting materials in a conducting layer to allow their use in the source.
Iron dust is a component of most cosmic dust [11] and comes with the advantages of being widely
available and a good conductor which allows it to be easily charged.
Figure 1.4: Iron spheres are used in both accelerators since they are easy to charge and use. Thus spheres have a diameter
between 0.5 and 3 microns with masses distributed between 10−13 and 10−15 kg.
The iron dust used for all tests done in this paper was a mix of two different iron dusts that
have different mass distributions. Overall the dust can be treated as small iron spheres as shown in
Figure 1.4. The masses of the iron spheres are between 10−13 and 10−15 kg with diameters between
0.5 and 3 microns. This distribution of size and mass along with the semi-random charging process
results in a large range of velocities.
1.5 Dust Charging
The pulsing of the dust source and the needle are the two most critical aspects of charging
the dust. The pulse delivered to the vacuum tube has several parameters which can be adjusted.
8These are the height of the pulse, width of the pulse and the frequency of the pulse. The needle can
be varied in length and the tip can be given different shapes to adjust the strength of the electric
field in the source.
An example of how the data from the accelerators is displayed is shown in Figure 1.5. This
run was done on the small accelerator with a needle voltage of 14 kV. Since the small and big
accelerators have the same source, this plot is what is usually seen when firing dust with the
exception that the velocities in the big accelerator’s distribution would be an order of magnitude
greater due to the 3 MV accelerating tube.
Figure 1.5: A mass vs. velocity distribution for particles shot by the small accelerator. The red line at the top indicates the
field emission limit while the black line at the bottom shows the minimum detection threshold.
The red line above the data indicates the field emission limit from equation 1.5 and the
black line below the data is the minimum detection as given by equation 1.6. The velocities of the
particles falls significantly short of the theoretical maximum velocity and therefore the maximum
charge as well. The highest velocities are almost an order of magnitude less than the theorized
maximum which implies a low charging efficiency within the dust source.
The physical parameters of the needle that can most easily be adjusted are the length of the
needle and the shape of the needle tip. There is no previous work detailing what the effect on the
charging of the dust would be if the needle tip were shaped differently or if the needle was closer
9or further from the reservoir aperture. The original needle used was based off a previous successful
research experiment, so it was deemed the regular needle and used as the standard.
The standard needle used is a tungsten rod 1 mm in diameter that is sharpened to a point
with an angle of 15 degrees. As shown in Figure 1.6, the needle is sharpened to a fine point
using a combination of a tungsten grinder and etching in an NaOH solution. This gave rise to its
designation as the sharp needle. The needle is set to be about 6 mm away from the aperture of the
reservoir.
Figure 1.6: An example of a sharp needle which has been ground to a 15 degree angle then etched down to the fine tip shown
above.
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Figure 1.7: Rounded needles are made from the same material and in a similar manner to the sharp needles. The primary
difference is the amount of time for which a rounded needle is ground and etched. The rounded needle is expected to have a
weaker electric field than the sharp needle, so that particles will be able to get closer to the needle before being accelerated
down the beam line.
The sharp needle creates a strong electric field at the tip which limits how close the particle
can approach if field emission is the primary charging method. A rounded needle shown in Figure 1.7
was constructed, to decrease the strength of the electric field at the tip of the needle. A decrease in
the electric field would allow particles to get closer to the needle before being ionized and repulsed.
The ultimate goal of the rounded needle was to have particles come into contact with the tip, and
charge through contact before being accelerated away. The rounded needle as shown in Figure 1.7
is the same length as the sharp needle and made of the same type of tungsten.
The process to make the rounded needle is the same as the sharp needle only the time in the
grinder and etching solution are changed. One of the first changes that was found with the rounded
needle was that of the activation minimum. The activation minimum is the point at which the
needle voltage is high enough to begin launching particles. The sharp needle had activation at 11
kV while the rounded needle began firing at 6 kV. This shows that there is an effect of the shape
of the needle tip on the charging of the dust.
The relationship of the needle and the pulse to the charging of the dust will be the focus
of investigation in this paper. Understanding what effects the charging of the dust will lead to
improvements on how the dust source is prepared and constructed in order to improve the charging
11
efficiency of the dust.
Chapter 2
Experiment
2.1 Experimental Apparatus
The big accelerator is where a majority of scientific experiments are carried out since it
is capable of producing the velocities used for impact testing. The main problem with the big
accelerator is that the 3 MV accelerating column has to be insulated with sulfur-hexafluoride
which takes several hours to pump out of the housing before the source can be changed. Therefore
in order to study the affects of the pulse characteristics on a dust source it is easier and more
efficient to use the small accelerator which has a much shorter turn around time for changing the
source and it is not likely to be requisitioned for a major experiment during the middle of a run.
The use of the same source on both accelerators allows for easy transfer of any knowledge
gained on running the source on the small accelerator to the big accelerator. The small accelerator
originally had a single detector which was used for the earliest experiments looking only at the rela-
tionship of the pulse settings to the rate at which the detector saw particles. The small accelerator
was upgraded to have two separate detectors in order to better determine velocity and charge of
the particles. The second detector has allowed the data to be analyzed in a way similar to that of
the big accelerator thereby making comparisons between the two accelerators much easier.
The detectors used on both the large and small accelerators are based on the same design from
Heidelberg. Particles are identified using a charge image detector that create voltage pulses when
it detects a particle. An example of a signal where the particle goes through the entire detector is
shown in Figure 2.1. The two colors are for the two detectors used on the small accelerator. The
13
particle detection program uses these peaks to determine the velocity and charge of the particle.
Anytime a particle enters the detector it produces a sharp negative peak and when the particle
exits, the detector outputs a sharp positive peak. If the particle hits the detector, the positive
pulse is missing and the output instead decays back to zero with a slight positive component due
to ringing in the detector as shown in Figure 2.2.
Figure 2.1: An example of a good signal as seen by the data acquisition program. The two colors represent the two detectors.
The particles come into the tube and creates a downward voltage peak. Then as it exits it creates an upward peak of the same
magnitude. The velocity of particles is determined by the time of flight between the two peaks in a single detector as well as
between the same peak on both detectors.
Figure 2.2: An example of a particle hitting the second detector. The downward peak of the particle entering the tube is
seen, hut when the particle hits the detector it deposits all of its charge onto the detector. The detector then decays back to
zero charge with a slight positive component due to ringing in the detector circuit.
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The velocity is determined by measuring the time of flight a single detector. The velocity
is also compared to the time of flight between the two detectors. The margin of error allowed for
the difference in velocities is about 10 percent. This margin of error is allowed due to maximum
voltage not always being seen due to the time resolution of the data acquisition.
2.2 Sharp Needle
2.2.1 Rate Experiments
Determining the method by which particles become charged and increasing the charge of
individual particles is the primary goal of these experiments. The initial experiment conducted was
purely to determine if there was an effect of varying the pulse characteristics. The simplest way to
do this was to measure the change in the number of particles seen by the detector, or more simply
the rate of particles, which was a task easily accomplished with only one detector. All the rate
tests were done with a sharp needle and the original pulse generator.
Figure 2.3: The particle rates for all the tested pulse parameters are shown increasing to the right. There is a clear upward
trend in the rate due to all of the parameters.
As can be seen above in Figure 2.3 there is a clear correlation between the increase of any
given parameter and the rate at which the detector was triggered. Based on the theories as to
15
how the source operates it is reasonable to assume that increasing any parameter would lead to
increased agitation of the dust. Therefore, the likelihood that a given particle would be ejected
from the source increases as well. An important factor that must also be examined is how a source
evolves over time, so that the increase in rate from the source can be clearly attributed to increase
in a pulse parameter and not something related to source usage.
Figure 2.4: Frequency of particles over time in a source with line of best fit: y=0.0031x+0.19. The plot has also been divided
up into run days where each continuous section, either white or blue, is a single day.
Figure 2.5: Frequency of particles related to increase in needle voltage with line of best fit: y=0.097x-1.05.
Figure 2.4 was taken from a source that was run using two detectors so the rate of particles
is given as the rate of particles seen by both detectors. The addition of the second detector and
improvement of the particle detection code reduced the number of false triggers, so the rate of
good particle is significantly less than the single detector test shown in Figure 2.3. All of the data
points were taken at the same settings to see how the source evolved over time. The frequency
was determined by running for an hour at a time and finding the average frequency of particles for
16
that hour. The upward trend in the first seven run hours is due to a pump down time remnant.
The increase in frequency over time as shown by the fit line is negligible compared to the rate
of particles. A needle voltage test was done and both plots had a line of best fit added. Using
the lines of best fit from Figure 2.4 and Figure 2.5 it can be seen that the rate increase from the
needle voltage is over an order of magnitude greater than the possible increase from time in the
accelerator.
The frequency of the source is stable over time, so the next parameter to check is to see if
the maximum and average velocity of the source changes during the life of a source. The average
and maximum velocities are calculated for each one hour run time then plotted corresponding to
which hour they were drawn from.
Figure 2.6: Using the same data from the frequency analysis the maximum and average velocities are calculated for each one
hour run. The average velocity is stable over the lifetime of the source. The maximum fluctuates a good amount, but there is
no trend to suggest the maximum is dependent on time.
Looking at Figure 2.6 it can be seen that the average velocity of particles is stable over the
life of a source. The maximum velocity has a wide range of values, but does not show any trend
suggesting it is dependent on the source usage.
The frequency and velocity of particles during source usage are stable, so the next aspect of
the evolution of the source to examine is what it does as it runs out of dust.
17
Figure 2.7: The final run in a series of tests which caught the abrupt stop of the source. The start time is when this particular
run was started. This particular run was done at 13.5 kV for half and hour and has an average frequency of 2.1 particles per
second.
The run shown in Figure 2.7 was taken from an early single detector run with a needle
voltage of 13.5 kV. The source runs at 2.1 particles per second, which is comparable to rates for
other single detector runs of similar pulse parameters shown in Figure 2.3, until after 25 minutes
when it suddenly stops. Coupling this result with the conclusions about the velocity and frequency
during source usage, a source performs at a constant rate during its lifetime and will show no signs
of the dust running out until just a few minutes before it abruptly stops.
2.2.2 Needle Voltage
The most direct way to increase the velocity of particles is to increase the potential through
which they are accelerated. This is the most brute force way of increasing the velocities and has
limits in terms of how large of a potential difference can be created. The more interesting aspect
to look at will be if the charge of the particles also increases with the needle voltage.
18
Figure 2.8: Mass vs. velocity for a sharp needle voltage test. This shows that the increase in needle voltage from 14 kV to
20 kV shifts the field emission limit up while at the same time increasing the maximum velocity seen on a particle shot by the
source. Since there is an increase in the emission limit and the velocities it is difficult to say if charge has actually increased.
Figure 2.9: Charge to mass ratios for sharp needle voltage test. This shows that the increase in needle voltage to 20 kV adds
an additional range of charged particles above the maximum seen by the 14 kV test.
In Figure 2.8 a mass vs. velocity plot is shown with the data from two different needle
voltages. The dust particles are mostly clustered around the minimum detection threshold with
a sharp line defining the maximum velocities attained on this particular run. This maximum is
present throughout all data taken on both the small and big accelerators and adjusting its position
is one of our primary goals. While there is an obvious increase in the velocity distribution it is not
entirely related to an increase in charge. As shown in Figure 2.8 increasing the needle voltage also
increases the field emission limit. Therefore we have to look at the actual distribution of charge to
mass ratios given by Figure 2.9 to see if there is an increase in charge.
The charge to mass ratio plot shown in Figure 2.9 gives a good way of looking at the distri-
butions shown in the mass vs. velocity plots with the added ability of being able to see the areas
in which they strongly overlap. The increase of needle voltage does not simply shift the particle
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distribution over, but as see in Figure 2.9 it adds an additional velocity range and spreads out the
distribution. In order to see if the charge increased it is easiest to check the charge to mass ratio
of the particles since the increase in charge for every particle size is the desired thing to increase.
The average charge to mass ratio for the baseline test at 14 kV was 1.8 C/kg with a standard
deviation of 1.5 C/kg and the 20 kV test had an average of 4.1 C/kg with a standard deviation
of 3.7 C/kg. This confirms that increasing the needle voltage increases the charge and thus the
velocity of particles. The maximum needle voltage used in either accelerator is 20 kV due to that
fact that at high voltages there is a significant amount of sparking between the needle and the
reservoir.
2.2.3 Pulse Height
Increasing the pulse height does not change the potential through which the particles will
accelerate, so it is not a direct method of increasing the velocity of the particles like needle voltage.
The increase in pulse height will result in a stronger electric field between the reservoir and the
needle, so it should result in particles with a higher charge thus a higher velocity.
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Figure 2.10: Mass vs. velocity for a sharp pulse height test. This shows the effect of increasing the pulse height from 12 V to
15 V which results in an increase of the maximum velocity for the given mass ranges.
Figure 2.11: Charge to mass ratio for sharp pulse height test. This shows that the increase in pulse height added an additional
range of charge to the particles.
Pulse height adds an additional velocity range as shown in Figure 2.10. Charge to mass ratio
distribution of the particles, as shown in Figure 2.11, changes in approximately the same way as it
does in the needle voltage test where a new regime is added to the end of the previous distribution.
The average charge to mass ratio of the 15 V pulse height was 3 C/kg with a standard deviation of
3 C/kg as compared to the 12 V average charge to mass ratio of 1.8 C/kg with a standard deviation
of 1.5 C/kg. This shows that the maximum charge on the particles was increased by the change
in pulse height. However, similar to needle voltage, the pulse height is also limited by the high
voltage source. This is due to the fact that the vacuum tube cannot go any lower than ground, so
the maximum pulse height inside the reservoir is 20 kV to 0 V.
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2.3 Rounded Needle
2.3.1 Needle Voltage
The variation in the needle voltage is expected to result in much the same effects for the
rounded needle as it did in the sharp needle. Since the rounded needle activated at much lower
voltages it was decided to not take it all the way to the maximum needle voltage, so that the rate
would not overly exceed the time resolution at which the data can be recorded.
Figure 2.12: Mass vs. velocity for a rounded needle voltage test
Figure 2.13: Charge to mass ratio for rounded needle voltage test
The change in charging resulting from the increase in needle voltage has a similar effect on
the rounded needle as it did on the sharp needle. However, looking at the charge to mass ratio
graph we see that for the rounded needle, the entire distribution is shifted over into a higher average
charge. Looking at the numbers it is found that the 14 kV test had an average charge to mass ratio
of 0.5 C/kg with a standard deviation of 0.2 C/kg. The 17 kV test had an average charge to mass
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ratio of 0.8 C/kg with a standard deviation of 0.3 C/kg. As in the sharp needle tests the charge
on the particles increased with needle voltage, but for the rounded needle the entire distribution
shifted as seen in Figure 2.8. However, the velocities for the rounded needle are lower than the
sharp needle overall. The lower charging efficiency of the rounded needle also causes the lower mass
particles, below about 8 ∗ 10−15 kg to not make it through the two detectors thus eliminating that
mass range from the data.
2.3.2 Pulse Height
As seen in the sharp needle experiments it is expected that increasing the pulse height should
result in a shift of the distribution of charges for the rounded needle as well.
Figure 2.14: Mass vs. velocity for a rounded pulse height test
Figure 2.15: Charge to mass ratio for rounded pulse height test
Similar to the Needle Voltage test it is seen in Figure 2.15 that the distribution does not
simply widen as it did for the sharp needle, but actually shifts over to a higher average charge to
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mass ratio. Similarly to the increased needle voltage the average charge to mass ratio for increased
pulse height was 0.9 C/kg with a standard deviation of 0.3 C/kg. Similar tot he needle voltage,
the pulse height also increases the average charge of the dust particles.
2.3.3 Pulse Frequency
The frequency the of pulse applied to the source may also change the charging of the dust
particles. The rate experiments showed that the pulse frequency increased the rate of particles,
so it is possible that an in addition to increasing the change of the particles interacting with the
needle it also changes how strongly the particles interact with the needle.
Figure 2.16: Mass vs. velocity for a rounded pulse frequency test
Figure 2.17: Charge to mass ratio for rounded pulse frequency test
Looking at Figure 2.16, the pulse frequency does not result in any significant change in the
charging of the dust particles. This result is confirmed by Figure 2.17 where it is shown that the
shape of the distribution of charges is the same for both 10 Hz and 20 Hz. The only difference is
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that at the lower charge to mass ratios 20 Hz has more particles which was expected from the rate
tests conducted earlier. A check of the distributions confirm that the frequency had no effect on
the charge as both frequencies had an average charge to mass ratio of 0.5 C/kg with a standard
deviation of 0.2 C/kg.
2.3.4 Pulse Width
Pulse width determines the length of time at which the reservoir will be pulsed down to the
lower voltage level. Rate tests show that there is an increase in the number of particles going
through the detectors, so it must be examined if this also correlates with an increase in charge.
Figure 2.18: Mass vs. velocity for a rounded pulse width test
Figure 2.19: Charge to mass ratio for rounded pulse width test
Pulse width does not move the distribution by a significant amount as seen in Figure 2.18
and Figure 2.19. This is confirmed by the average charge to mass ratio being 0.5 C/kg with a
standard deviation of 0.2 C/kg for both pulse widths.
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2.4 Shape Comparison
The previous data have shown that the rounded needle is more effective at moving entire
distributions closer to the theoretical limit when a pulse characteristic is adjusted. However, it the
next step is to look at how the rounded needle compares to the sharp needle in terms of over all
charging.
Figure 2.20: Mass vs. velocity comparison of a sharp needle to a rounded needle.
Figure 2.21: Charge to mass ratio comparison of a sharp needle to a rounded needle.
The rounded needle distribution as seen in Figure 2.20 has much lower velocities than the
sharp needle. The charging of the rounded needle is also less efficient than the sharp needle as seen
in Figure 2.21. Overall the round needle charges particles more uniformly such that the rounded
needle produces small more densely packed distributions. This is supported by the charge to mass
ratios in Figure 2.21 where the sharp needle has a much wider distribution than the rounded needle.
The charge to mass ratio shows that the rounded needle has a lower charging efficiency overall with
an average charge to mass ratio of the rounded needle being 0.5 C/kg with a standard deviation of
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0.2 C/kg compared to the sharp needles 1.8 C/kg with standard deviation 1.5 C/kg. The round
needle gives a more uniform distribution of velocities due to the more uniform electric field, but
at the expense of charging efficiency. Thus, in terms of obtaining higher charge to mass ratios the
rounded needle is not useful, but does show that needle tip shape is a factor in the charging of
particles.
2.5 Needle Length
The length of the needle is also thought to have an effect on the electric field between the
inside of the source and the rest of the accelerator. This change should allow more particles to
escape the source since a there is a stronger field parallel to the exit of the reservoir. The original
sharp needle and the rounded needle were both used at the same length of 30.0 mm to make their
tests more comparable. A sharp long and short needle were also made to be 32.0 mm and 25.4 mm
respectively. These lengths correspond to 3.7 mm and 10.3 mm from the aperture with the original
needle being 5.7 mm from the aperture.
2.5.1 Long Needle
The long needle was tested at the same settings as the regular needle, so that the two could
be compared. The primary comparison was done at standard settings for both needles as shown in
Figure 2.22.
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Figure 2.22: Mass vs. velocity comparison of a regular needle to a long needle.
Figure 2.23: Comparison of Charge to Mass Ratios for the long and regular needles.
The primary shortcoming of the long needle is that the total number of particles is almost
half of that of the regular needle. Figures 2.22 and 2.23 show that the long needle also added
an additional velocity range to the particles. Comparing the average charge to mass ratios of the
two data sets shows that the long needle has an average charge to mass ratio of 2.8 C/kg with a
standard deviation of 1.7 C/kg and the regular needle has an average of 1.8 C/kg with a standard
deviation of 1.5 C/kg. The long needle increased the average charge of the particles at the cost of
the rate of the particles. It is known that the rate of particles can be increased by increasing any
pulse parameter, so increasing needle length is an effective way of increasing the average charge on
the particles
2.5.2 Short Needle
A short needle was also made to see if having more room in front of the tip would allow for
more dust to become charged. The short needle was constructed to sit 10.3 mm from the aperture
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which is twice as far as the original needle.
Figure 2.24: Mass vs. velocity comparison of a regular needle to a short needle.
Figure 2.25: Comparison of the charge to mass ratios of the short and regular needles.
As seen in Figure 2.24 the quantity of dust ejected by the short needle was significantly
lower than that of the regular needle. The charge on the particles from the short needle is also
significantly less than is seen from the regular needle as shown in Figure 2.25. The average charge
to mass ratio for the short needle was found to be 1.2 C/kg with a standard deviation of 0.7 C/kg
which puts the charging of the short needle entirely in the lower tail of the regular length needle.
Longer needles are indeed more efficient at charging due to the stronger electric field parallel to the
exit of the reservoir as compared to the shorter needles.
Chapter 3
Conclusion
The primary goals of this work were to determine how the dust source operates and to
improve the charging efficiency of the dust ejected from the source. The parameters that were
found to change the charging of the source were needle voltage, pulse height, and needle shape.
Only the needle voltage, pulse height, and longer needle had a positive effect on the charging of the
dust. The rounded needle showed that a weaker electric field at the tip decreased the charging, so
future experiments will examine an extremely sharp needle that will have stronger electric fields.
The change in the rate of dust particles is most likely a result of the swirling of the dust due
to repulsive forces between the particles. Whenever the maximum potential, the frequency, or the
width of the pulses increases, it should cause an increase in the agitation and swirling of the dust.
The more the dust is moving around the source the more likely it is that any single particle will
approach the needle with enough energy to be expelled from the source and down the beam line.
The length and shape of the needle was found to have a strong effect on the rate and the
charge of the particles ejected from the source. The short needle and the long needle both had
far lower rates than the regular needle, but the short needle had poor charging efficiency while
the long needle had slightly better charging efficiency compared to the regular needle. The long
needle was near the maximum length that can be used in the source, so the rate decreased since
there was a small area of which the particles had to be in order to be charged and ejected from the
source. Therefore, looking at needle lengths between the long and regular needle should be able to
maximize the particle charging and rate.
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The pulse characteristics were found to have a significant impact on the rate of particles and
the charging of the particles. Increasing the overall potential, via needle voltage or pulse height,
was found to increase the charge and rate of particles. Increasing the pulse width or frequency was
only found to change the rate of dust particles. The increase in frequency is due to the increased
agitation of the dust within the source.
The behavior of the source over time was found to be consistent. There are random variations
in the rate of particles, but they do not correlate with time in the accelerator. As for the end of
a source, it abruptly stops without much change in the rate or velocity distribution of particles
before suddenly stopping. This implies that the point a test is done in the life of a source does not
effect the data taken.
The overall goals of this series of experiments was to try and determine some of the parameters
that govern the operation of a source as well as attempting to find a way to increase the charge
on the dust particles. The parameters with the strongest effects on the charging of the dust were
needle length, needle shape, and pulse height. The long needle nearly doubled the average charge
to mass ratio of the sharp needle while the rounded needle’s average charge to mass was a third of
the standard needle. The pulse height also doubled the average charge to mass ratio of particles
for both the sharp and rounded needle. The fact that all of the pulse parameters had effects on
the rate, but not the charging of the dust implies that how much the dust is moving around has an
impact on how many particles actually get ejected from the source. The method by which the dust
particles acquire a charge within the source is still under investigation since the rounded needle did
not conclusively show that ion field emission or contact charging dominated the other.
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